Badgers (Carnivora, Mustelidae) constitute a nonmonophyletic assemblage of mammals that are characterized by a general similarity of appearance and a broad geographic distribution. A comparative analysis of the forelimb osteology of badgers was performed to assess how observed differences in their scratch-digging behavior are related to variation of forelimb structure. We measured forelimb bone proportions of 87 skeletal specimens and calculated 8 functional indexes that were analyzed using analysis of variance and principal component analysis to identify the osteological correlates of fossorial ability in this clade. The indexes that best characterize forelimb specialization for scratch-digging in badgers are related to a robust humerus, large humeral epicondyles, and a long olecranon process, and these features increase from digger to semifossorial forms. A large scapular area for muscle attachment and a robust ulna also are correlated with fossorial ability. Semifossorial forms are indicated to have greater forelimb muscle mass, increased mechanical advantage of the elbow extensors, and the ability of the elbow extensor and carpal and digital flexor muscles to apply high out-force to the substrate. Digger forms are indicated to have relatively less robust and longer distal limb bones, and lower limb out-force capability. This study reveals that for badgers there is a distinct relationship between the proportions of the forelimb bones and fossorial ability. The indexes tested that relate to mechanical advantage of the elbow extensors and mass and force production capacity of the musculature have the discriminatory ability to distinguish between degrees of forelimb specialization and fossorial ability of badgers.
Badgers (Carnivora, Mustelidae) collectively represent an ecomorph that has evolved independently at least 3 times (Bryant et al. 1993) . Recent molecular phylogenies of the Mustelidae (Marmi et al. 2004; Koepfli et al. 2008; Yu et al. 2011) lead to the same conclusion, although the relationships of the genera differ from those advanced from morphological analyses (Bryant et al. 1993) . Systematic analyses assign badgers to 4 subfamilies: Melinae (Meles meles, the European badger, and Arctonyx collaris, the hog badger), Mellivorinae (Mellivora capensis, the honey badger), Taxidiinae (Taxidea taxus, the North American badger), and Hellictidinae (3 species of Melogale, the ferret badgers- Koepfli et al. 2008; Yu et al. 2011) . Furthermore, these analyses indicate that those badgers with purported specific adaptations for fossoriality (Meles, Arctonyx, Mellivora, and Taxidea) constitute a basal grade of lineages within the Mustelidae (Koepfli et al. 2008) . The Hellictidinae, represented by Melogale, forms the sister taxon to either construct burrows (setts) or remodel the burrows of other animals for habitation (Nowak 1999) .
Scratch-digging mammals are collectively characterized by numerous common features of their forelimb skeletal elements (Bou et al. 1990; Hildebrand and Goslow 2001) . These include a broad scapula that allows for an extensive area of attachment for massive humeral retractor and shoulder joint stabilizer muscles; a robust humerus that bears large bony processes and is capable of resisting high bending forces (Quaife 1978; Hildebrand 1985) ; a prominent medial epicondyle distally on the humerus for attachment of large carpal and digital flexor muscles; an enlarged and elongated olecranon process of the ulna for attachment of massive elbow extensor muscles that are essential for scratch-digging (Hildebrand and Goslow 2001) ; a shortened radius; and stout carpals, metacarpals, and phalanges (the distal ones furnished with long, sharp claws) that permit cutting through compact soil (Quaife 1978; Moore et al. 2013) . In general, these features enhance the mechanical advantage of the forelimb musculature and promote the application of high out-forces during scratch-digging (Hildebrand 1985) .
Beyond such generalizations applicable to all scratchdigging mammals, limb morphology also may reflect the functional habits used by animals for resource acquisition in the specific habitat they occupy. The various species of badger exploit a variety of environmental circumstances. M. meles is found mainly in forests and densely vegetated areas across Europe and has a diverse and generalized diet (Nowak 1999) . It constructs elaborate burrows that badger families may use for several generations and may share with other animals (Novikov 1962; Grzimek 1975) . A. collaris is found in central and Southeast Asia, where it inhabits forested areas at elevations up to 3,500 m (Lekagul and McNeely 1977; Corbet 1978) . It is nocturnal and a strong digger, and its lifestyle is reportedly similar to that of M. meles, although it is less social, and its burrows are not shared (Quaife 1978; Nowak 1999) . Melogale moschata is most commonly found in central China and northern Indochina (Long 1978; Zheng and Xu 1983; Riffel 1991; Corbet and Hill 1992) , mainly in wooded areas and grasslands. In addition to modifying preexisting burrows (Taylor 1989) , it also is purported to be an adept climber and may sleep on tree branches (Nowak 1999) . M. capensis is native to Africa, Southwest Asia, and the Indian subcontinent (Meester and Setzer 1977; Corbet 1978) and occupies dry areas. It will dig its own burrows, but will occupy and renovate available burrows for shelter and also climb trees to gain access to bee hives for honey (Nowak 1999) . T. taxus inhabits the plains of North America (Lindzey 2003; Eads and Biggins 2008) and relies on digging as its primary foraging behavior. It often hunts by excavating the burrows of ground-dwelling rodents such a prairie dogs and pocket gophers (Long 1973 (Long , 1999 Michener 2004) .
This broad ecological diversity displayed by badgers suggests that there should be differences in forelimb morphology that reflect differences in fossorial ability. A recent investigation of forelimb shape in musteloid carnivorans (Fabre et al. 2013a ) concluded that there is no clustering of species in morphospace in association with body mass, and that evolution of bone shape in this clade is driven by factors other than body mass. Fabre et al. (2013a) further suggested that locomotor ecology likely drives the evolution of limb form in this taxon. Therefore, it is necessary to evaluate the influence of locomotor behavior and lifestyle on the morphology of the forelimb. Previously we quantified the muscle architectural properties of the forelimb of T. taxus (Moore et al. 2013 ) and revealed several features that correspond with the ability of American badgers to use their robust forelimbs to powerfully excavate compact soil. Similar muscle measurements are not available for other species of badgers; however, several functional indexes (e.g., index of fossorial ability [IFA] ) that represent limb bone proportions have frequently been used as means of indicating the degree limb specialization and of fossorial ability (e.g., Hildebrand 1985; Lessa and Stein 1992; Vizcaíno and Milne 2002; Elissamburu and Vizcaíno 2004; Lagaria and Youlatos 2006; Elissamburu and De Santis 2011) .
Our objective is to perform a comparative analysis of the forelimb osteology of badgers to assess how observed differences in their scratch-digging behavior are related to variation of forelimb structure. Specifically, we calculate 8 indexes that purportedly reflect the degree of specialization of the forelimbs, and test whether the indexes correlate with the fossorial ability observed in this clade. Based upon the above behavioral descriptions, badgers have been assigned to 2 broad categories of digging habits: semifossorial and diggers. Semifossorial forms include Meles, Arctonyx, Mellivora, and Taxidea (Sikes 1964; Long 1973; Nowak 1999) . For these species, frequent digging and burrowing are vital to their foraging or social strategies, or both (Kruuk 1978; Nowak 1999; Vanderhaar and Hwang 2003) , although because of its level of terrestrial activity (Kingdon 1977) , Mellivora has relatively less fossorial ability (Van Valkenburgh 1987) . Digger forms are represented by the ferret badgers of the genus Melogale (Nowak 1999) . The functional habits of the inclusive species involve some digging in addition to terrestrial and scansorial behaviors (Taylor 1989; Storz and Wozencraft 1999) . From the findings of our previous study of Taxidea (Moore et al. 2013) , we hypothesize that semifossorial forms will have the highest scores on indexes that relate to area for muscle attachment and mechanical advantage for high outforce application to the substrate.
MATERIALS AND METHODS
Our measurements were obtained from a sample of 87 skeletal specimens representing each of the 5 genera of badgers (6 species) and the northern raccoon (Procyon lotor), which serves as exemplar from within the Carnivora that is not specialized for digging. These data were aggregated from our previous analysis of T. taxus (Moore et al. 2013) , an unpublished data set (Quaife 1978) , and skeletal material housed in the mammal collections of the National Museum of Natural History (NMNH), Washington, D.C. (Appendix I). All specimens analyzed were considered adults. Species studied, digging and functional habits, and their estimated body masses (Christiansen 1999 ) are listed in Table 1 .
The following 10 measurements (to the nearest 0.01 mm) were taken, with digital calipers, from the scapula, humerus, ulna, and metacarpal III ( Fig. 1 ; Appendix I): scapula length (SL), maximum length from the posterior border of the scapula, immediately posterior to the scapular spine, to the tip of the supraglenoid tubercle bordering the glenoid fossa; scapula width (SW), maximum dorsoventral width between the posterior vertebral border and the teres process; humerus length (HL), maximum length from humeral head to tip of medial epicondyle; humerus width (HW), mediolateral width at midshaft; deltoid tuberosity length (DTL), length from the humeral head to midpoint of the deltoid tuberosity; humerus epicondylar width (HEW), maximum width between the epicondyles; ulna length (UL), maximum length from olecranon to styloid process; olecranon length (OL), length from tip of olecranon to center of trochlear notch; ulna width (UW), mediolateral width at midshaft; and metacarpal III length (ML), length from proximal to distal end. These osteological measurements were adapted for badgers from TABLE 1.-Species, digging habit assignment, and estimated body mass (6 SD), and total number of specimens studied. Body mass (in kg) is calculated based upon published long bone scaling data (Christiansen 1999 those employed by Elissamburu and Vizcaíno (2004) and Lagaria and Youlatos (2006) .
A total of 8 functional indexes were calculated from the raw measurements to permit us to assess the degree of specialization in the forelimbs of badgers. Scapular index (SI) ¼ SW/SL: an indicator of the relative width of the scapula available for muscle attachment. It is related to the origin of intrinsic muscles involved with humeral retraction and shoulder joint stabilization (Moore et al. 2013) . Epicondyle index (EI) ¼ HEW/HL: an indicator of the relative width of the distal end of the humerus available for muscle attachment. It is related to the origin of the relatively massive carpal and digital flexor and pronator muscles of the antebrachium, and is a well-established metric of fossoriality (Hildebrand 1985; Lessa and Stein 1992) . Humeral robusticity index (HRI) ¼ HW/HL: an indicator of the robustness of the humerus. It is related to the strength of the humeral midshaft and its ability to resist bending and shearing loads during scratch-digging (Elissamburu and Vizcaíno 2004; Lagaria and Youlatos 2006) . Brachial index (BI) ¼ (UL À OL)/ HL: an index of the relative distal out-lever length. It is related to the overall mechanical advantage of forelimb musculature to apply high out-force to the substrate (Vizcaíno and Milne 2002) . Shoulder moment index (SMI) ¼ DTL/HL: an index of the mechanical advantage of the deltoids acting across the shoulder joint. It is related to the ability of the deltoid muscles to retract the humerus and stabilize the shoulder joint during scratch-digging (Hildebrand 1985; Vizcaíno and Milne 2002) . Index of fossorial ability (IFA) ¼ OL/(UL À OL): an index of the mechanical advantage of the elbow extensors. It is related to ability of the triceps, anconeus, and epitrochlearis muscles to apply high out-force to the substrate during elbow joint extension, and also is a well-established metric of fossoriality (Hildebrand 1985; Vizcaíno et al. 1999) . Triceps metacarpal out-force index (TMOI) ¼ OL/(UL þ ML À OL): an index of the estimated out-force applied to the substrate at the distal end of the metacarpals per unit triceps in-force (Price 1993). It is related to the total downward force applied and is closely correlated with IFA (Lagaria and Youlatos 2006) . Ulnar robusticity index (URI) ¼ UW/UL: an indicator of the robustness of the ulna and relative width available for muscle attachment. It is related to the ability of the ulna to resist loading during scratch-digging (Elissamburu and De Santis 2011) . This index also is related to the origin and development of the carpal and deep digital flexor muscles for powerful flexion of the carpus and digits in scratch-diggers (Hildebrand 1985; Elissamburu and Vizcaíno 2004 ).
Means (6 1 SD) of each functional index were calculated for each genus of badger and the raccoon. Mean differences were evaluated by analysis of variance (ANOVA) and Bonferroni multiple comparison post hoc tests. Assumptions of normality and homogeneity of variance were met (except for the BI), eliminating the need to log transform index data. Due to the lack of HW, DTL, UW, and ML measurements in the data set of Quaife (1978) , the indexes HRI, SMI, TMOI, and URI could not be calculated for these specimens; thus, sample numbers for these tests were smaller. Principal component analysis (PCA) was performed on the indexes (Elissamburu and De Santis 2011) to permit further evaluation of the relationship between limb morphology and digging habit assigned to badgers (Table 1) . PCA was performed for all 8 indexes available for each genus. Statistical significance for PCA was evaluated by Kaiser-Meyer-Olkin (KMO) and Bartlett's test criteria. Significance for each component was evaluated using the Kaiser-Guttman (k . 1) criterion (Zar 1996; Elissamburu and Vizcaíno 2004) . Separation patterns of the index data extracted by PCA were examined to determine the degree to which the limbs of each genus of badger are modified in association with their scratch-digging habits. In this regard, performance of the indexes could be correlated with fossorial ability established on the basis of behavioral observations. This 
RESULTS
Functional index means (6 SD) and multivariate analysis of variance results are presented in Table 2 . F-values for each index are highly significant (P 0.0001), with the exception of SMI, which is moderately significant (P ¼ 0.031). Mellivora and Taxidea have the highest means for SI, with Mellivora having a significantly higher SI than those of Meles (P , 0.0001), Arctonyx (P ¼ 0.012), Melogale (P , 0.0001), and Procyon (P , 0.0001). The mean SI for Taxidea is significantly higher (P 0.001) than those of Meles, Melogale, and Procyon. Melogale has the lowest mean SI and is similar to that for Meles; however, neither value is significantly lower than that for the other genera of badgers or the raccoon. Comparing values for EI, Arctonyx and Taxidea share the highest mean value (0.33), and Procyon has the lowest (Table  2 ; Fig. 2 ). Melogale has the lowest mean EI among the badgers, which is significantly different (P 0.003) from the mean EI calculated for all other genera of badgers and the raccoon. For HRI, Arctonyx has the highest mean, whereas Mellivora has the lowest mean HRI among the badgers, with values close to those for Melogale (although this may be an effect of the smaller number of measurements tested for this index [ Table 2 ; Fig. 2] ). Mean HRI for Arctonyx is significantly higher than those of Melogale (P , 0.0001), Mellivora (P ¼ 0.001), Taxidea (P ¼ 0.016), and Procyon (P , 0.0001). The mean HRI values for Meles and Taxidea also are significantly higher than those for Melogale (P , 0.018) and Procyon (P , 0.0001). Additionally, the mean HRI for Meles is significantly different from that for Mellivora (P ¼ 0.043).
Findings for BI indicate that the raccoon has a significantly higher (P , 0.0001) mean BI than all genera of badgers. Among the badgers, Mellivora has the highest mean BI and Arctonyx has the lowest (0.78 6 0.08), which is significantly different from that of Meles (P ¼ 0.024). Means for SMI are highest for Meles, and lowest for both Mellivora and Taxidea (Table 2 ; Fig. 2 ). Only the mean SMI for Taxidea (0.43 6 0.05) is significantly different from that for Meles (P ¼ 0.024). For IFA, Taxidea and Arctonyx have the highest means, both having values above 0.30, and each is significantly higher (P 0.003) than the IFA of Meles, Melogale, Mellivora, and Procyon. Additionally, the mean IFA for the raccoon is significantly lower (P , 0.0001) than that for all genera of badgers. Comparing values for TMOI, Taxidea has the highest mean TMOI (0.27 6 0.04), and this is significantly higher (P 0.029) than those of Meles, Melogale, Mellivora, Arctonyx, and Procyon (Table 2 ; Fig. 2) . Melogale has the lowest mean TMOI (0.16 6 0.03) among the badgers, which also is significantly different from that for Arctonyx (P ¼ 0.009). Again, the mean TMOI of the raccoon is significantly lower (P 0.009) than that for all genera of badgers. Lastly, means for URI are either 0.05 or 0.06 for each genus of badger and 0.04 for Procyon, which is significantly lower than each genus of badger except Melogale (P ¼ 0.186). Melogale has the lowest mean URI (0.048) among the badgers, which is significantly different from that for Arctonyx (P ¼ 0.016).
Principal component analysis was used to evaluate separation of the genera on the basis of all osteological index data available (n ¼ 29 specimens). All significant correlations among the functional indexes on which the PCA scores were based are summarized in Appendix II. The first 2 principal components (PCs) each have an eigenvalue . 1, and together, they explain 77.6% of the variance: PC1 explains 60.3% and PC2 explains 17.3% (Table 3) . PC1 is strongly correlated with (as indicated by loadings ! 0.7 [Elissamburu and Vizcaíno 2004] ) a relative increase in epicondyle width (EI), humerus width (HRI), olecranon length (IFA), applied triceps out-force (TMOI), and ulna width (URI; Fig. 2 ). PC1 also is strongly correlated with a decrease in distal out-lever length (BI; Table  3 ). PC1 has a moderately strong correlation (loadings ! 0.5) only with a relative increase in scapula width (SI), while PC2 has a strong correlation with an increase in muscle moment arm length of the deltoids (SMI).
Principal component 1 clearly separates all badgers from the raccoon in accordance with their respective digging and functional habits (Fig. 3) . Along the main axis of variation (PC1), Procyon is separated by having the lowest (negative) values, whereas Arctonyx has the highest (positive) values. The genera Meles, Mellivora, and Melogale occupy the central space along PC1, each having lower scores between À0.5 and 0.5. Within this space Melogale has negative values on PC1 that separate it from the Mellivora (located close to the origin of both axes) and Meles, which have positive values (Fig. 3) . Taxidea has positive values that are located outside of the central space and are close to that of Arctonyx. PC2 most clearly separates Meles (with extremely high values) and Taxidea (with the lowest values) from the other genera of badgers. Melogale, Mellivora, and Procyon occupy the central space along PC2 between scores of À0.5 and 0.5, whereas Arctonyx has positive values along PC2 that are located between those of Meles and Procyon (Fig. 3) . See Supporting Information S1 (DOI: 10.1644/13-MAMM-A-174.S1) for a scatter plot with PCA scores for all individuals in each genus.
DISCUSSION
The functional indexes HRI, EI, and IFA best characterize forelimb specialization for scratch-digging in badgers. These indexes have been shown to be highly correlated with fossoriality in scratch-digging mammals (Hildebrand 1985; Lessa and Stein 1992; Vizcaíno et al. 1999; Elissamburu and De Santis 2011) . SI, URI, and TMOI also are helpful in indicating that badgers with both greater forelimb muscle mass and capability of applying high downward force to the substrate have an overall greater degree of specialization for scratch-digging. In particular, TMOI and URI were previously observed to increase with fossorial ability in scratch-digging rodents ( In general, the entire humerus of the semifossorial forms of badgers is distinguished by its midshaft robustness (HRI) and the extent of its major areas of muscle attachment (Fig. 4) . HRI increases from terrestrial (or scansorial) to fossorial forms of rodents (Lagaria and Youlatos 2006; Elissamburu and De Santis 2011) , and the same correlation is evident in our analysis. However, increases in HRI are subtle across genera of badgers because they are overall less versatile with their forelimbs in functional habits than are raccoons. A robust humerus would be expected in semifossorial forms to resist high bending loads engendered by muscle forces and frequent digging activity. The high HRI of Meles and Arctonyx may reflect their extensive burrowing habits, whereas less-specialized digging forms (e.g., Mellivora and Melogale) that have lower values of HRI, instead tend to dig shallow setts, or dig to modify preexisting burrows (Taylor 1989; Nowak 1999; Storz and Wozencraft 1999) . The distal epicondyles of badger humeri are strongly developed (EI), with the medial epicondyle positioned more distally than the lateral epicondyle (Quaife 1978) . The trochlea also is prominent, and its posterior aspect is particularly wide in badgers (Fig. 4) . Overall width of the epicondyles increases from digger to semifossorial forms of badgers, with Arctonyx and Taxidea having the highest EI. Larger values of EI suggest proportionately more muscle mass located in the medial and distal segments of the forelimb and greater force production capacity of the carpal and digital flexors, which typifies specialization for scratch-digging (Hildebrand 1985; Moore et al. 2013) . The low EI of Melogale reflect its lower degree of fossorial ability (Taylor 1989) , whereas the low EI of Procyon is indicative of a more generalized forelimb associated with its suitability for several functional habits (e.g., scansorial locomotion-Stalheim-Smith 1989) and possibly its digital manipulatory abilities (Fabre et al. 2013b) . Therefore, epicondylar development in badgers is suggestive of increased specialization for force production in digging rather than terrestrial locomotion, as observed in caviomorph rodents ( Perhaps more than any other osteological feature, the relative length of the olecranon process of the ulna (IFA) indicates fossorial ability in badgers. The ulna is a stout element that is somewhat laterally compressed, and bears deep grooves that run along its lateral and medial surfaces for almost its entire length (Fig. 5) . It is curved (along with the radius) in an anteroposterior orientation, and this curvature may reflect the bending loads experienced during the power stroke of digging. Similar to the relationship revealed for digger to semifossorial forms of badgers, studies of ulnar dimensions in scratchdigging armadillos (Vizcaíno et al. 1999; Vizcaíno and Milne 2002) and rodents (Lagaria and Youlatos 2006) find higher values of IFA are correlated with greater fossorial ability. High IFA, as observed in Taxidea and Arctonyx, is related to an increase in mechanical advantage of the elbow extensors for digging through application of high out-force (Hildebrand 1985; Moore et al. 2013) . The index TMOI is strongly correlated with IFA, and indicates a greater amount of downward force able to be applied to the substrate. The increased IFA and TMOI, and the extremely weak ability of Procyon to apply out-force, further emphasize the modifications for digging present in all badger forelimbs. Moreover, TMOI distinguishes Taxidea as having the ability to apply significantly higher out-force during scratch-digging than the other badgers.
The increase in relative width of the ulna (URI) is somewhat subtle across genera of badgers (Fig. 5) , similar to the findings for HRI. However, the lower robusticity of the ulna of Procyon is distinguished from the URI of badgers, which generally increases from digger to semifossorial forms. Again, this likely reflects the terrestrial and scansorial habits of the raccoon and greater development of the pronators and carpal and deep digital flexors for powerful flexion of the carpus and digits during scratch-digging in badgers (Moore et al. 2013) . A robust ulna then would be expected in semifossorial forms to resist loading by high muscular forces (Elissamburu and De Santis 2011) . Lastly, the functional length of the ulna relative to humerus length (BI) is similar or higher in less-specialized digger forms, and thus is not a good discriminator of fossorial ability in badgers. Similarly, SMI did not correlate with scratch-digging habits. The SMI of Procyon is greater than that of all badgers except Arctonyx and Meles, whereas the remaining species of badger have similar values of SMI. Despite clear correlations with fossorial ability in armadillos (Vizcaíno and Milne 2002) and caviomorph rodents (Elissamburu and De Santis 2011), the position of the deltoid tuberosity and the ability of the deltoids to apply a large flexor moment at the shoulder joint (or stabilize the joint) may represent a compromise among the functional habits of the carnivores in our analysis.
In addition to indexes that relate length and width proportions of long bones, scapular width (SI) also assists in indicating degrees of forelimb specialization and fossorial ability among genera of badgers. It is evident that the scapula of Taxidea is the most distinctive in shape, being characterized by the presence of a prominent teres process (Fig. 6) . The scapula of Arctonyx is similarly shaped, although its teres process is not as pronounced. A larger teres process provides a longer moment arm for powerful humeral retraction, as effected by the teres major, and has been correlated with fossoriality in mammals (Hildebrand 1985; Kley and Kearney 2007) . SI increases from digger to semifossorial forms, although there is notable variation among the badgers behaviorally classified as semifossorial. Mellivora lacks a teres process, and its high SI may thus be a function of its larger body size relative to other badgers. Arctonyx and Taxidea achieve a relatively large area for muscle attachment with a smaller investment of bone mass, and they both display a greater degree of specialization. In Taxidea the shoulder muscles are massive (Quaife 1978; Moore et al. 2013) , and because there is no clavicle, the musculature must also provide considerable support to the joint. The robustness of the scapular neck, and the large, ovoid glenoid fossa of badgers (Fig. 6 ) also indicate that the shoulder joint is modified to withstand high loads. Therefore, higher SI further suggests greater shoulder stabilization.
Principal component analyses help to clarify the interrelationships among the skeletal elements of the forelimb and provide the basis for interpretation of accounts of observed differences in scratch-digging habits in badgers (Nowak 1999) . Similar to the outcomes of PCAs for caviomorph rodents (Elissamburu and Vizcaíno 2004; Elissamburu and De Santis 2011) , PC1 contrasts more generalized morphology with digging ability by indicating a decrease in distal limb length and increase in limb out-force capabilities in those genera that dig more frequently (Fig. 3) . Negative correlations of BI relative to EI, HRI, URI, IFA, and TMOI all indicate greater humeral and ulnar strength, elbow extensor mechanical advantage, and overall forelimb muscle mass along the digger to semifossorial continuum in badgers (Fig. 3) . Larger values of BI and the lowest values for HRI and IFA separate the raccoon from badgers, and segregate Melogale, and to a lesser extent Mellivora, the purportedly less-specialized diggers (Nowak 1999) by their relatively longer and more gracile forelimbs and reduced ability for high out-force application. For these 2 genera, digging modifications may be tempered by some osteological features that also are associated with climbing, emphasizing trade-offs between the 2 sets of functional demands versus the condition observed in more specialized, semifossorial badgers. Compared to Meles, Arctonyx, and Taxidea, its position along the continuum (Fig.  3) confirms the categorization of Mellivora as digger and semifossorial (Van Valkenburgh 1987) .
Analysis of the functional indexes as a whole reveals that along PC1 Arctonyx and Taxidea have strong digging capabilities, and these are highly consistent with their behaviorally based categorization as being semifossorial (Moore et al. 2013 ). PC2 also is consistent with a scratchdigging continuum in badgers and separates out-force application (IFA and TMOI) from forelimb robustness (HRI and URI) and mechanical advantage of the deltoids (SMI) for humeral retraction. Indexes for extensive area for muscle attachment and high force output are strongly correlated with each other (EI, SI, and URI) and fall in an intermediate position along PC2, suggesting these are shared features among semifossorial badgers. Both IFA and TMOI strongly correlate with EI and indicate the ability for high out-force production by the combined actions of the elbow extensors and carpal and digital flexors (Moore et al. 2013 ). Taxidea and Arctonyx, however, show different trends in limb modifications that indicate their fossoriality. Taxidea exhibits osteological features that are consistent with greater muscle development along the entire length of the forelimb and the ability to apply overall higher out-forces to hard, compact soil, whereas Arctonyx has stronger deltoids (as indicated by a larger SMI) and a humerus and ulna that are capable of resisting higher bending forces during scratch-digging. Thus, the sizes of the scapula and olecranon process, for example, are more indicative of fossorial ability in Taxidea than they are in Arctonyx. It would be interesting to determine how the shape of the limb bones of badgers relates to their postural and terrestrial locomotor behaviors. This would require additional evaluation of hind-limb bone proportions, such as has been conducted for armadillos (Vizcaíno and Milne 2002) . As an example, indexes of femoral and tibial robustness could be informative in assessments of the degree of bone strength that is required for the supportive and stabilization roles of the hind limbs during the digging cycle (Quaife 1978; Moore et al. 2013 ) in relation to increasing forelimb mechanical advantage.
This study reveals that for badgers there is a distinct relationship between the proportions of the forelimb bones and fossorial ability. Consistent with our hypothesis, modifications for scratch-digging that reflect well-developed muscles and ability to apply high out-force indicate higher degrees of forelimb specialization. Therefore, indexes that relate to the mechanical advantage of the elbow extensors and mass and force production capability of the forelimb musculature are the principal metrics that discriminate between semifossorial and digger forms. Our analysis also confirms that, on the basis of osteological features of the forelimb, Meles, Arctonyx, and Taxidea are semifossorial, whereas Mellivora and Melogale are more appropriately categorized as diggers. These categorizations are consistent both with previous descriptions of the functional behavior of each genus of badger and with their pattern of phylogenetic relationships (Koepfli et al. 2008; Yu et al. 2011) . This suggests that the features of the skeletal elements measured to calculate the indexes reflect aspects of the forelimbs that are responsive to functional demands and that convergence has driven badgers with similar scratchdigging behaviors to similar mechanical configurations. Future studies of muscle architectural properties and scratch-digging mechanics in species other than Taxidea will provide a more complete view of fossorial ability in badgers.
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APPENDIX II Correlation matrix of the functional indexes used for principal component analysis. SI, scapular index; EI, epicondyle index; HRI, humeral robusticity index; BI, brachial index; SMI, shoulder moment index; IFA, index of fossorial ability; TMOI, triceps metacarpal out-force index; URI, ulnar robusticity index. 
